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Abstract 

We consider the effect of the magnetic moment of the top quark on the Higgs h — > 77 two photon decays and we 
- .evaluate this decay amplitude allowing for an arbitrary top gyromagnetic factor g t value. We show that for any g t 7^ 2 
the h — > 77 decay rate is always enhanced: the negative interference between W-loop and top loop is reduced and 
.even reversed. For g t — > 0, ±4, . . . the enhancement of the h —¥ 77 decay rate is up to a factor two. Standard model 
'interactions' 1st order perturbative effect on g t amounts to a 2% enhancement of the h — > 77. Nonperturbative and 
_ ,BSM contributions to gt, and the lack of other sensitive experimental constraints are noted; h 77 seems to be the 
most sensitive presently available probe of the top gyromagnetic factor. 
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Q_i Introduction: We explore the consequence for the 
^ Higgs to two photon decay h — > 77 of the top magnetic 
moment 

Mt = f-gl Qe = +(2/3)e (1) 



2 2m t 

"having a value considerably different from that obtained 
J> using the Dirac gyromagnetic ratio g t — > <?d =2. We 
-consider g t to be a parameter, which may be determined 
-ii. [from independent experiment and theoretical studies. 

Anomalous couplings of the top quark to gluons and 
"photons have been the subject of theoretical interest [lHH 
■and may soon be accessible to experiments Standard 



^vq [model (SM) corrections to the top form factor are signifi- 
t-H -cant and we note the top-Higgs coupling e^/47r ~ l/An — 
^ [0.08 where the minimal coupling is eth = m t V2/v ~ 0.99, 
• i-h with Higgs vacuum expectation value v — 246.2 GeV ~ 
'(GfV^) -1 ^ 2 , Gf is the Fermi constant and nit — 173.4 
^ .GeV. Therefore the virtual Higgs correction competes with 
- 'the strong interaction gluon-top coupling a s (m t ) = 0.108 
indicating that the Higgs may play a special role in under- 
standing of the top electromagnetic structure. 

It is also not surprising that the two-loop QCD contri- 
bution to the electromagnetic form factor and hence gt is 
calculated to be nearly as large as the one-loop contribu- 
tion 111, ,2!] . Interest in understanding the consequences of 
anomalous moments of the top both, for QED and QCD 
coupling, has motivated theoretical efforts since the mea- 
surement of the top's production cross section Much 
interest in the magnetic properties of the top is due to its 
expected sensitivity to beyond the standard model (BSM) 
physics The sensitivity of the value of magnetic mo- 
ment to compositeness is well known Q. 

The h — > 77 decay has been studied for g t = gr>- It 





Figure 1: Diagrams giving dominant contribution to the Higgs h 
decay to two photons 7. In the top loop at left, we denote the 
top-photon vertex with a shaded circle to signify that we consider a 
general value of the top gyromagnetic factor. 



arises predominantly from the fluctuations of W-bosons 
and the top quark [3, [13] j illustrated by the triangle dia- 
grams in Fig. [TJ The contribution due to an anomalous 
gyromagnetic factor g t is indicated by the large vertex. 
We checked that for g t — > 2 we arrive at these well known 
results and will show enhancement for g t ^ 2 of the total 
decay amplitude and decay rate. 

To account for significant modifications of the Dirac 
value gt ^ gD, one must in principle change from lst-ordcr 
to 2nd-order Fermion theory resulting in additional two- 
top to two-photon vertices and an additional diagram not 
shown in figure [1] for details of the 2nd order framework 
perturbative computation see Ref. 



111 ]. We can sidestep 



an in-depth discussion of the 2nd-order Fermion theory by 
following Ref. Q, that is, by using for the Higgs decay 
the /3-function which we obtained using the external field 
method for all g t [12]. Our P(g t ) function agrees in the 
interval —2<g t <2 with the perturbative result jll[. 
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Higgs to two photon amplitude: The top quark 
loop contribution to the h — > 77 decay has been obtained 
in the low energy limit, <C rrit, of the amplitude, see 
Eqs. (2) & (9) of @, see also HI, 
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employing the /3-function, where bo is discussed in next 
paragraph, a = e 2 /4ir is the electromagnetic coupling, 
and 2 and 2 are the 4-momenta and polarization vec- 
tor of the photons. Evaluating the amplitude from Eq. © 
means an error of a few percent relative to the result from 
the exact amplitude [|,[l0| for the value (m h /m t ) 2 ~ 0.52. 
Thus although (m^/mt) 2 is not very small, this limit suf- 
fices for our first study of the dependence of the decay 
width on the top gyromagnetic factor g t . 

The reason for the simplification seen in Eq. © is that 
in the limit mh m t , the contribution of the top quark 
loop to the h — > 77 decay amplitude is related to top quark 
contribution to the renormalization group /3-function of 
the electromagnetic coupling [jj ■ The perturbative ex- 
pansion of the /3-function is 



da 
'OX'' 



/3(a) 



fro 2 

a 

2tt 



(3) 



The one-loop contribution to the QED /3-function has been 
obtained for a fermion with arbitrary magnetic moment 
using two independent methods: a) perturbative compu- 
tation and background field method [l2| . and the lat- 
ter method has been extended to large values of \gt\ > 2 
where bo(gt) is periodic outside the domain — 2 < g t < 2. 

The above QED result for 6 (gt) is adapted for the top 
by including in Eq. (9) of [l2[ overall factors Q 2 arising 
from the charge of the top and N c = 3 for the color trace. 
Then the 6q coefficient as a function of gt is 



bo(g t ) = -\n c q 2 ( 3 -g 2 - \ 



(4) 



The —4/3 factor separated in front is the well-known value 
of 60 for a fermion with unit charge and gt = 2. Eq. 
normalized by &o(2) = — (4/3) 2 , is shown in Fig. [51 

An important observation about &o(<7t) is that it changes 
sign at g t = ±2/y3 and hence is positive for \g\ < 2j\[3. 
The separate consideration of diamagnetic and paramag- 
netic contributions in Eq. ^ reveals that this effect is due 
to the decrease in strength of the paramagnetic term as gt 
diminishes 14| . We thus find that in a wide range of gt , 
the overall sign of the top contribution to the amplitude 
Eq. ([2]) is reversed from g t = 2 expectation, and the pat- 
tern of interference with the W-boson loop in the decay 
changes. For g t — 2 there is partial cancellation between 
the two contributions, while for \g t \ < ±2/^/3 the W and 
top loop-amplitudes add. The excess of events [lU [l6| in 
the two photon decay channel of the Higgs was noted to 
correspond to a change in relative negative sign between 
the W and top contributions |l7[. The (/(-dependent (3- 
function then supplies a mechanism for this observation. 




Figure 2: The bo coefficient of the electromagnetic /3 function con- 
tributed by the top quark normalized to its value at Dirac go = 2. 



(/(-dependent decay amplitude: The dependence 
of the total h — > 77 decay amplitude on the top magnetic 
moment is found by combining the (/-dependent top-loop 
contribution with the contribution from the W-boson loop. 
Inserting the g-dependent /3 function Eq. Q in Eq. @, the 
total amplitude for Higgs decay into two photons is 

Atot (h -> 77) - A t (h -> 77) + A w (h -> 77) (5) 

with the W loop contributing [§, 



A w (h -> 77) = fw~{k^-k^eim4-k^) 

V 47T 

f w ( x ) = 3x(2 - x) (arcsin(:r- 1/2 )) 2 + 3x + 2, x - 



(G) 



4ml, 



for which we have stated only the relevant case 4m 2 v / m\ = 
x > 1 from and we use x = 1.641 corresponding to 
m h = 125.5 GcV. 

Fig. [3] shows the gt dependence of the total h — > 77 
decay amplitude, normalized to its value at gt — go = 2. 
Considering the periodicity of bo(g t ) the decay amplitude 
h 77 is always enhanced as compared to g — <?d (and 
its periodic recurrences i.e gt = ±2, ±6, ±10 etc). 

To compare with the measured decay rate, we evaluate 
the decay width (Eq. (3) of Q and Eq. (7) of 



f = fw(^f) + b (g t ) 



(7) 

with fw(%) given in Eq. (J6j) and bo(g) from Eq. (|4]). Equa- 
tion Q provides for g t — > 2 the Higgs to two photon decay 
rate within a few percent of the width stated in the 2011 
updated Higgs Cross Section Working Group tables (which 
include NLO QCD and electroweak corrections), after ac- 
counting for partial decay widths h — >• ZZ , h — > WW and 
to 4-fermions, see Eq. (1) of 18]. 

At present, there is tension in the two photon decay 
rate of the Higgs candidate, (see ATLAS results, Table 9 
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Figure 3: Higgs to two photons h 77 decay amplitude normalized 
to its value at gt = 2, i.e. Af l _ >77 (gt)/ J 4f l _ >77 (2) for x = Am^/rn^ = 
1.64, m h = 125.5 GeV. 



of [15( and CMS [16|). As long as the decay rate enhance- 
ment turns out not to be larger than 2, it can be explained 
solely by a variation of the gyromagnetic factor from the 
Dirac value gt = go- Currently, there is indication of rate 
enhancement by up to a factor 2, which would imply that 
the top could have a very small gyromagnetic factor g t . 

What we know about value of g t : The lowest or- 
der perturbative calculation of gt yields at one loop three 
contributions: a) the standard QED result, b) a similar 
QCD result P, Q, and c) electroweak contributions: 



(gt 



2) 



> QED 

(1L) 
QCD 



ckqed/tt = 2.5 1(T 3 

N? -la, 

- = 25 10" 



(gt - 2) 



(1L) _ 
EW ~ 



2N C 
7.5 10" 



(8a) 
(8b) 
(8c) 



To obtain the numerical values of contributions to gt — 2, 
all couplings have to be taken at the top-scale. Calculat- 
ing the amplitude Eq. ([5]), one expects from these usual 
perturbative corrections not more that a 1.0% top decay 
amplitude modification and hence a 2.0% enhancement of 
the decay rate Eq. (0. To check (g t — 2)g^ again we note 
that all vertex corrections have the same loop integral. 
Therefore, we can use Eq. (3) of [l9| in combination with 
their Eq. (1) which identifies their A/t — > g t — 2. 

There is a further important contribution of higher or- 
der QCD and virtual Higgs which have not been consid- 
ered. However, it is possible to conclude that the pertur- 
bative value of gt — 2 predicts a much too small modifica- 
tion (a few percent) of decay rate to explain the observed 
tension in the h — > 77 decay rate. Similarly, order of mag- 
nitude consideration of compositeness yield (gt — 2)/2 ~ 
m,t/M comp [8J and suggest a compositeness scale M comp 
near to the top scale m t to produce a large enhancement. 
These remarks do not take into account enhancements 
originating in other BSM physics or in non-perturbative 



Higgs-top structure, arising in view of the strong Higgs- 
top minimal coupling. 

Experimental input on the magnitude of gt comes from 
the radiative b — > S7 decay 20|, 21 1, recently updated, see 
Eq. (9) in 0] 



-1.83 < Afi t mt < 0.53, 



A/it 



gi 



2 h 



2m t 



(9) 



In above we have neglected the electric dipole moment 
term, which is constrained to be ~ 10 6 times smaller than 
[it- We consider the numbers in Eq. (9) of [4| dimensionless 
and translating into a bound on g t , 



- 3.49 < g t < 3.59 



(10) 



This constraint is thus not relevant in our consideration, 
as it is consistent with the full range of g t factors suggested 
by the enhancement of the rate shown in figure. [3J 

Limits on g t should arise from the study of top produc- 
tion. In hadron colliders, top production is predominantly 
via strong interactions, so the LHC is more sensitive to the 
top chromomagnetic moment, i.e. the corresponding g% (c 
for chromodynamic factor) [22(, and gi could perhaps be 
connected using Schwinger-Dyson equations to g t . How- 
ever, only a future direct study of the top production in 
e + e _ collisions appears to offer another sensitive measure 
of the QED top anomalous magnetic dipole moment (23| . 

Discussion and conclusions: We have taken the top 
gt factor as a parameter, which arguably could be quite 
different from the tree level Dirac gt = gz> = 2 value, 
and have shown that gt can have a significant impact on 
the Higgs decay rate into two photons. The new result 
we have presented is the explicit dependence of the Higgs 
decay width to two photons on the top gyromagnetic factor 
gt, Eq. ([7]). with Eq. Q generalizing the required top-loop 
amplitude. 

We have shown that for g t — > the rate of Higgs to 
two photon decay h — > 77 can increase by up to a fac- 
tor two. We find that in the interval —2 < g t < 2 the 
deviation from the Dirac value g t = 2 always enhances 
the Higgs decay rate. In fact, any anomalous magnetic 
moment (that is g t 7^ 2 with period 4) of the top always 
enhances the rate, due to the enhancement of the decay 
amplitude for all values —2<g t < 2 (see figure \5§ and 
the periodic dependence of bo on g t [12| and consequent 
periodic dependence of the amplitude on g t . 

We have further recalled that perturbative study of the 
vertex correction leads to the expectation of insignificant 
modification of gt', however, we found no experimental con- 
straints excluding a large modifications of g t . Thus the 
most sensitive experiment to explore the value of 174 is at 
this juncture the h — > 77 decay. 

Non-perturbative standard model top structure comes 
to mind considering the remarkable top-Higgs minimal 
coupling eth = mtv2/v ~ 1. We note the correct pre- 
diction of the Higgs mass based on vacuum (in) stability 
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argument ^24j . Both these features suggest that the prop- 
erties of the top quark are pivotal for the full understand- 
ing of the standard model. 

A strong modification of gt can arise from the beyond 
the standard model physics. As the highest mass particle, 
the top and its couplings are expected to be most sensi- 
tive to BSM, a point which will continue to motivate the- 
oretical and experimental investigation of its potentially 
anomalous couplings, especially to strong and electro- 
magnetic and electroweak Q gauge bosons, and magnetic 
moment in particular. 
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